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MATING, SEX DETERMINATION, AND OFFSPRING PRODUCTION

MATING (with a heavy parasitoid bias)



Mating may occur before, during, or after emergence from the pupal stage.  Certain species of Coccophagus, for example, mate after oviposition begins (which is rather unusual).  Of course, if the species in question is a thelytoke (uniparental), it doesn't have to worry about mating.  Some wasps mate before or during emergence (e. g. fig wasps, some bethylids, and species in the ichneumonid genus Megarhyssa).  In many cases, this involves sib mating (with males emerging first and getting to the female before or as she is emerging), but not always: Males from many sources may be attracted to some cue; or the wasps emerging at a specific site may be offspring of several females which oviposited in gregarious prey.  Sib mating may also be avoided by the presence of a fixed pre-mating period.  One ctenopelmatine ichneumonid, for example, has a 2 day premating period, with the female receptive for only 4 days thereafter.  Other species are known to delay mating up to 3 wks after eclosion. In addition to avoidance of sib-mating, such premating or preoviposition periods also allow development of eggs in synovigenic species.  For species studied up to the 1990s (I don’t have more recent data), few exhibited premating periods.     



Different researchers separate mating sequence into a variety of different categories, depending largely on the species with which they work.  Roughly speaking, there is an initial perception (attraction, recognition, and orientation), then mounting or other direct contact, copulation, and postcoital behavior.  All these factors are essential to understand if you need to culture a species, whether it be for biological control or for basic research.  These categories apply generally to all bisexual species, and some of the most detailed work has been with non-parasitoids such as various fruit flies and, of course, Lepidoptera.



In parasitoids, attraction is usually of male by female, and is probably via a pheromone produced by female. A pheromone gland has been isolated and identified in 2 species of microgastrine braconids by 2 different workers (Weseloh and Tagawa) but they weren't in the same place, and there's some suspicion they didn't get it right! Recent evidence suggests a combination of odor sources for attraction of male to female.  Males of at least some species may also have a pheromone (e.g. for male aggregation in species that mate within a swarm; male aggregations, though not common, have been observed for a few species of parasitoids, such as in Megarhyssa, Blacus (a braconid), and a few opiines and braconines).



The pheromone may be produced whether the female is receptive or not, as evidenced by observations of male wing vibration and chasing of females who continue to fly off when pursued.  Vision is believed to play a role in recognition of mate, at least in some species, but the absence of other factors has been very difficult to prove.  Orientation is believed to be the prime function of wing vibration by many workers, and a l972 article by Vinson is the most frequently cited work for this claim (though others do exist).  Wing vibration or fanning is typical of nearly all braconids, many (and probably most) ichneumonids, proctotrupoids, cynipoids, and many chalcidoids (though there appear to be few reports for encyrtids).  At least some chalcidoids do NOT vibrate wings, and bethylids apparently never do. The existence of a pheromone, and possible need to follow a pheromone plume for mating may be a limiting factor in laboratory rearing of some species.  Others have suggested that wing vibration has a very different function: sound production rather than assisting in following an odor plume, and Andrea Joyce has been working on this in our department.



The chase phase is an important step.  Although the male may become readily excited, and in most parasitoid species is capable of mating more than once, most female parasitoid species mate only once (85% of species reviewed by Gordh and DeBach, l978).  Thus the chase phase allows females to escape, preventing other males from inseminating her.  Also important from a practical standpoint in caged populations and in experimental designs: females can't escape and can get beat up and harassed by males if cages are too small or if males not removed after mating.  



Mounting: male usually (but not commonly in encyrtids) mounts female, with position usually anterior-anterior.  In chalcidoids, most of the courtship occurs at this stage.  Courtship has become increasingly well-studied, and some rather elaborate courtship displays have been recorded, starting with the work of Barrass in the l960's and continuing primarily with the Dutch group headed by van den Assem from mid 1970s through 1980s, and more recently focusing on antennal glands (work by Bin and collaborators, primarily on proctotrupoids and platygastroids).  Some basic elements: male moves to display position; displays; female indicates receptivity.  Antennation appears to be an important interspecific discriminant, esp. in chalcidoids, where it has been shown that for some species, interspecific mounting will occur, but copulation is not effected unless proper antennation sequence is completed.    



A much more complex male courtship pattern has been observed for chalcidoids (Barras, van den Assem) than for ichenumonids and braconids.  Greatest complexity is during mounting.  If correct cues are given, male moves back and copulates; if female not receptive, male goes on to search for another female.  Recent work on sound production provides one possible way in which braconids and ichneumonids differentiate mates in the apparent absence of elaborate courtship displays.



Copulation in parasitoids is usually very brief (less than l min in most braconids).  

Post-copulatory grooming (or at least remaining in position after insemination) has been observed in many species, and may be important in intrasexual sexual selection, esp. when one considers the time investment involved.  Prevents other males from inseminating WHILE female is still receptive (e. g. Gordh and DeBach l978).

PRACTICAL CONSIDERATIONS: 

1) lab conditions often not conducive to mating: overcrowding with resulting interference means that males never achieve copulation (too much competition).  Lighting and type of cage may also be important, since airflow and light are important cues used in mate finding for some species.  These species may later adapt to cage conditions, but initial culturing may be prevented by cage conditions that do not meet the needs of the species in question.

2) slight differences in courtship have been shown to be the most important isolating mechanisms for sibling species.  In rearing programs, therefore, you should be VERY careful about combining material from a number of different source populations because behavioral differences (more useful for identification than morphorphology) will be obscured eg Aphytis (Aphelinidae) and Cotesia flavipes (Braconidae).   On the other hand, several authors in recent years have noted the importance of maintaining genetic diversity in lab cultures, so there are trade-offs that have to be considered. 

SEX DETERMINATION

Older reviews: Stouthamer et al. (1992).  See also Dobson and Tanouye (1998); Beukeboom et al. 2000.

Newer: Heimpel and de Boer (2008) Ann. Rev. Entomol. pp. 209-230; chapter by Ode and Hardy (2008).


Complementary sex determination models (csd).  There are multiple alleles at either a single locus or at multiple loci, and heterozygotes are female; hemizygotes are male; and homozygotes are diploid males (diploid males either non-functional, or have negative impacts on populations, but should be rare because there are multiple alleles).  Thus csd should not apply to species where inbreeding is common.  It apparently does not exist in chalcidoids, for example.


Diploid males effectively sterile because they produce diploid sperm, though some can mate with sterile, triploid offspring as a result.  Diploid males are now known for >40 spp (sawflies, bees, ants, braconids, and ichneumonids) and csd has been shown to be the mechanism for these species.  BUT, for several of the species examined, as of 2008, we can't preclude multilocus models, and thus the single-locus vs. multi-locus models for complementary sex determination are still being debated.

Really important to understand the concept of complimentary sex determination models in biological control programs where parasitoids are routinely cultured in the laboratory.  This has been a very active area of research, esp. since this sex determination mechanism has been proposed as a key factor in failures to maintain cultures under conditions that force high levels of inbreeding (in species that do not normally inbreed in nature)---because of production of increasing numbers of diploid males that eventually cause colonies to crash.


Work on csd, has ultimately resulted in several papers exploring the concepts of effective population size and the number of separate cultures one should maintain to maximize genetic diversity and avoid excessive inbreeding in biological control programs.

1) Stouthamer et al. (1992): effective population size---unequal contribution of a few females during introductions may have consequences for biocontrol IF inbreeding is a bad thing.  

2) Roush and Hopper (1995); Cook (1993): The longer a species is maintained in culture before release, the greater the risk that levels of genetic diversity will decrease and % of males will increase.  This problem can be avoided by maintaining a minimum of 25 separate cultures.

Sex determination is not well understood for species without csd.


Cook (1993): Goniozus nephantidis, an inbreeding bethylid species, does not have csd, the same conclusion made by earlier workers for the pteromalid Nasonia vitripennis.  Lack of csd is generally considered to be a derived condition within Hymenoptera, favored by the penalty of increased production of diploid males under inbreeding.


1998 paper on Nasonia vitripennis: femaleness determined by presence of a paternal genome and maleness by its absence.  A paternal genome in 1 generation is necessarily a maternal genome in the next generation.  Thus, sex is determined by an epigenetic (genomic imprinting) factor rather than genetic differences between parental genomes.  

Implications for 3 decades of theoretical models on evolution of social behavior in ants, bees, and wasps: workers from same colonies with single mated queen should favor a 3:1 ratio of investment in sisters and brothers but under an imprinting scheme, maternal and paternal alleles should be calculated separately, giving 1:1 ratio for maternal and 0 for male investment in paternal.  BUT imprinting may not be important in social insects (sex in aculeates is generally thought to be goverened by csd), and as we just noted above, chalcidoids are different.

Thelytoky

Apomixis (ameiotic): meiotic divisions may be completely lacking.  Reduction division eliminated.  Thus no reduction in chromosome #s takes place.  Some pairing may occur in prophase-like fashion, but without formation of chiasmata.  May have mutation followed by somatic crossing over in the gonia.


The ichneumonid Venturia canescens is a modified apomictic and the only known example I have as of mid 1980s in the Parasitica (for an update, see paper by Heimpel and de Boer).

Automixis (meiotic): diploidy restored following meiosis.  Haploid products fuse secondarily (7 examples in parasitoids, according to Stouthamer).


1. Premeiotic replication of chromosomes, followed by normal meiotic division 1.



Moraba virgo grasshopper


2. normal meiotic division 2, followed by fusion of identical cleavage nuclei



scales and whiteflies


3. various abnormal meiotic divisions followed by fusion (see Rossler and DeBach) 



Aphytis and others

Distribution of thelytoky among parasitoids: 

A major lineage within Aphelinidae is thelytokous, but the trait is scattered elsewhere with some well-studied examples in Trichogramma; also, some other chals, bracs, a couple of ichneumonids, a few bethylids, etc.

Wolbachia, an intracellular bacterium that alters sex ratios of infected hosts, usually by having an adverse affect on production of males.

Microbes (Stouthamer et al 1990)

Mating and offspring production in Parasitic Hymenoptera

Some general considerations

Arrhenotoky (haplodiploidy) essentially enables a mated female to control sex of egg she is laying.

Males can mate many times; but females often only once.

Thelytokes theoretically have increased capabilities for rapid colonization and population increase.  

Sex Allocation is a term commonly used to denote a parasitoid's ability to control the sex of an egg she is laying and which covers the importance of this trait for theoretical considerations about maximizing productivity.  Can also be thought of as family planning.

Factors influencing sex ratios in a population [see King (1987) for a review of the basics].

1) Parental characteristics, especially maternal age and age of male + his prior sexual activity.  In most species, a male biased sex ratio is produced late in life of female: something we might expect from the fact that females generally only mate once, but which may be independent of sperm depletion.  Delay between emergence and insemination may increase percent males when looking at lifetime progeny production.


In synovigenic species, adults usually need a nutrient source, and in one well studied braconid, Habrobracon hebetor, female diet affects sex ratio.

2) Environmental characteristics.  Earlier interest (through mid 1980s) in effects of temperature (male bias at very high or very low temperatures) has now largely been superceded by the Wolbachia issue (i. e., Wolbachia, which distorts sex ratios, often in favor of female, may be eliminated or adversely affected by temperatures, thus reversing sex ratios).  But Wolbachia may not be the answer to everything.


One study in 1976 suggested a photoperiod effect on sex ratio.

3) sib mating is common in parasitoids, esp. those parasitoids that lay eggs in batches (either as gregarious parasitoids laying many eggs on or in a single host or parasitoids that cluster their eggs by ovipositing on many contiguous hosts such as scales or egg masses).  NO inbreeding depression has been detected in species that normally do this, but this is not true of all parasitoids.


a) males emerge first (develop faster).


b) Hamilton (1967): local mate competition (lmc).  A theory developed for small populations (small number of females colonizing a patch) or for species with poorly dispersing males.  Under these conditions, sibling males compete for a mate and sib mating increases.  Selection thus favors more females being produced to decrease this competition among brothers.


lmc is a convenient framework for relating female wasp density, host density, and number of times an individual host is parasitized.  Under crowded conditions (more females or more parasitized hosts encountered by a searching female) more males are laid (because they're easily wasted)

See Frank (1986) for review of lmc

Braman and Yeargan (1989): Trissolcus doesn't show lmc

In Epidinocarsia lopezi, there is no lmc (does not change sex ratio with host density) and therefore host size and differential mortality are the only determinants.

4) other host related factors


a) HOST SIZE: over 40 studies done by mid '80s, beginning in 1937 on Tiphia which lays male eggs on small hosts.  Key factor: males don't take as much nutrients to develop, presumably.  Thus, the underlying assumption is that male eggs are laid in small hosts, females in big hosts.  See Heinz (1998) for good example of how size is actually measured (by humans and wasps!), and the paper by Roitberg et al. (2001) on fitness proxies.


Very few studies measure differential mortality of females vs. preference for laying male eggs (because it's hard to do), but those that have done this generally concluded female preference was involved (see Ode & Rosenheim (1998) for elegant methods used to address this and related problems).

What are some of the issues?


How does a parasitoid measure size: is it all relative?


Does facultative control over the sex of the egg that is laid relative to host body size apply to ectoparasitoids or idiobionts only?


Fitness gains are greater for females than males?



Is fitness measured by lifetime production of eggs in female and longevity in male?  What about dispersal ability (and thus longevity) in female vs. egg load?  The measure of fitness will depend on whether the species is egg-limited or time-limited.  If time-limited, dispersal ability is more important (Ellers et al. 1998).  What if females get too big for the males and mating can't occur?

Limited opportunity for host choice may maintain size variation (common to many but not all parasitoids) despite the advantage of large size.  Thus a larger or late stage host may be preferred, but a smaller host is acceptable.


How do you measure differential mortality?


Is there a trade-off between lmc and host quality? Bernal et al. (1999)


Phylogeny-based comparisons (see fine article by Hardy and Mayhew, 1998).


An important consideration: which sex gains more by being large (since both gain)---there are many things to consider.  For example, Van den Assem has observed two trends in chalcidoid evolution: reduction in male size and a shift in position of courting male from back to front.  He claims this leads to less ambiguity in identification of the partner because it allows greater interchange of signals (mainly mouthparts and antennae).  Parallel developments occur in pteromalids, eulophids, and some encyrtids. Advantage of small size: in gregarious species, male leaves more food for sisters and their reproductive success is proportional to body size.  In solitary species, male can develop in a host that is too small for adequate development of a female.  This also leads to faster development, leading to timely emergence relative to females of a "brood."  Disadvantage: lower reproductive capacity (less sperm), as demonstrated in the pteromalid Nasonia.


Van den Assem and Jachmann (1982); Lampson, Morse and Luck (1996). Effect of small males.

And as a final note, Ode and Hunter, in a  2001 paper, refer to a Sex Ratio Handbook by ICW Hardy that, apparently, is not published.

